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Human TAFII28 and TAFII18 Interact through
a Histone Fold Encoded by Atypical Evolutionary
Conserved Motifs Also Found in the SPT3 Family
(Hernandez, 1993). Although TFIID is the principal TBP-
containing complex involved in transcription of protein-
coding genes, several other TBP-containing complexes
involved in RNA polymerase II transcription have been
described. The yeast SPT3 protein, which interacts with
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In human (h)TFIID, cDNAs encoding 11 hTAFIIs have
been characterized (Mengus et al., 1995, 1997, and ref-
erences therein). Homologs of all but one of these
Summary (hTAFII135) have been identified in yeast showing a re-
markable evolutionary conservation of these factors
(Moqtaderi et al., 1996a, 1996b, and references therein).Determination of the crystal structure of the human
TAFIIs play several important roles in transcriptional reg-TBP-associated factor (hTAFII)28/hTAFII18 heterodimer
ulation (reviewed in Struhl, 1995; Goodrich et al., 1996).shows that these TAFIIs form a novel histone-like pair
Genetic and biochemical experiments show that TAFIIsin the TFIID complex. The histone folds in hTAFII28
participate in promoter recognition (Shen and Green,and hTAFII18 were not predicted from their primary
1997), with Drosophila melanogaster (d)TAFII150 andsequence, indicating that these TAFIIs define a novel
dTAFII62 recognizing specific promoter DNA sequencesfamily of atypical histone fold sequences. The TAFII18
(Verrijzer et al., 1995; Burke and Kadonaga, 1997). Inand TAFII28 histone fold motifs are also present in
animal cell extracts, TAFIIs are required for transcrip-the N- and C-terminal regions of the SPT3 proteins,
tional activation, and many specific TAFII±transactivatorsuggesting that the histone fold in SPT3 may be recon-
interactions have been characterized (Chen et al., 1994,stituted by intramolecular rather than classical inter-
and references therein). Several studies have also indi-molecular interactions. The existence of additional
cated that TAFIIs can act as specific coactivators inhistone-like pairs in both the TFIID and SAGA com-
transfected mammalian cells (May et al., 1996; Caron etplexes shows that the histone fold is a more commonly
al., 1997; Mengus et al., 1997).used motif for mediating TAF±TAF interactions than
The cloning and analysis of recombinant TAFIIs havepreviously believed.
revealed a plethora of TAF±TAF and TAF±TBP interac-
tions. However, only the interaction between dTAFII42
(hTAFII31) and dTAFII62 (hTAFII80) has been character-Introduction
ized at the molecular level. These TAFIIs show sequence
homology to histones H3 and H4, and X-ray crystallog-Transcription initiation in eukaryotes by RNA polymer-
raphy has shown that they interact via a histone foldase II requires the assembly of a macromolecular com-
motif and form a heterotetramer (Xie et al., 1996). Fromplex containing the general transcription factors TFIIA,
sequence homology, it is probable that dTAFII28/20TFIIB, TFIID, TFIIE, TFIIF, and TFIIH at the basal pro-
(hTAFII20) also contains a histone fold motif analogousmoter surrounding the mRNA start site (for review, Or-
to H2B (Hoffmann and Roeder, 1996; Hoffmann et al.,phanides et al., 1996; Roeder, 1996). Our understanding
1996). These observations suggest the existence of aof the molecular organization of this complex is based
nucleosome-like octamer core in the TFIID complexon a combination of functional and structural studies
around which the other TAFIIs associate. Multiple TAFII±that have provided details concerning the recognition
DNA contacts have been identified by chemical cross-of the TATA element by the TATA-binding protein (TBP),
linking, suggesting that the promoter DNA may beand of the complexes formed between TBP and TFIIA
wrapped around this nucleosome-like core (Oelge-and TFIIB (Nikolov et al., 1995; Geiger et al., 1996; Tan
schlager et al., 1996). Consistent with this idea, incuba-et al., 1996; reviewed in Burley, 1996; Nikolov and Burley,
tion of promoter containing DNA with purified TFIID in-
1997).
duces supercoiling further highlighting the analogies
TBP is present in several multiprotein complexes,
between the histone core and TFIID (Oelgeschlager et
each with a distinct set of TBP-associated factors (TAFs) al., 1996; reviewed in Burley and Roeder, 1996; Burley
required for transcription by all three RNA polymerases et al., 1997; Hoffmann et al., 1997).
We have previously reported the cloning and charac-
terization of hTAFII28 and hTAFII18 and have shown that
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from human TFIID. Although not predictable from pri-³Present address: EMBL, Meyerhofstrasse 1, 69012 Heidelberg,
Germany. mary sequence analysis, the C-terminal domain of
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Table 1. Data Collection and Refinement Statistics
Data Set Native pCMBS(1)a pCMBS(2)a
Cell constants
a (AÊ ) 45.4 45.8 45.8
b (AÊ ) 48.4 47.7 48.4
c (AÊ ) 77.6 70.6 70.1
Resolution (AÊ ) 20.±2.9 20.±2.9 20.±2.6
Reflections measured/unique 9480/3376 11871/3385 35105/5119
Completeness (%) overall/last shell 82.0/78.1 90.6/81.2 99.3/99.7
Rsym (%) overall/last shell 3.9/11.5 6.5/16.7 8.8/17.3
Refinement Statistics
Resolution (AÊ ) 8.0±3.0 Ð 8.0±2.6
No. of protein atoms 1074 Ð 1074
No. of pCMBS atoms Ð Ð 11
No. of water molecules 28 Ð 64
No. of reflections (working set) 2637 Ð 4382
Working R factor 0.199 Ð 0.205
No. of reflections (test set) 287 Ð 508
R-free 0.282 Ð 0.257
Deviations from ideal geometry
bonds (AÊ ) 0.007 Ð 0.009
angles (8) 1.45 Ð 1.48
Mean temperature factor (AÊ 2) 41.2 Ð 42.9
a pCMBS(1) and pCMBS(2) correspond to data sets collected from crystals soaked with pCMBS and pCMBS 1 cis-Pt(NH3)2Cl2, respectively.
hTAFII28 interacts with the central region of hTAFII18 via the native protein. The final model includes 89 residues
of hTAFII28 and 45 residues of hTAFII18, one PCMBSa canonical histone fold motif. The motifs encoding the
histone folds of TAFII28 and TAFII18 are therefore atypi- molecule, and 64 water molecules. The first 17 residues
of hTAFII18 are not visible in the electron density map.cal compared to core histones and other known histone
fold±containing proteins. Sequence alignments reveal The final R factor is 20.5% for data between 8 and 2.6
AÊ , and the free R factor is 25.7%. A summary of theextensive homology of the SPT3 TAFII family, not only
to TAFII18 in their N-terminal regions as we previously crystallographic analysis is shown in Table 1.
reported (Mengus et al., 1995), but also to TAFII28 in their
C-terminal regions. The conserved regions in hTAFII18, hTAFII28 and hTAFII18 Interact via a Histone Fold
The hTAFII28/hTAFII18 binary complex forms a hetero-hTAFII28, and SPT3 correspond to the histone fold motif,
providing strong evidence for the existence of two his- dimer of approximately 50 3 38 3 25 AÊ (Figure 1A). The
two proteins interact in a head-to-tail fashion, foldedtone fold motifs in SPT3.
into the canonical histone motif, consisting of a long
central a helix (termed a2) flanked on each side by aResults
loop and a shorter a helix (L1, L2 and a1, a3; Figure
1A). hTAFII28 contains an additional N-terminal aN helixCrystallization and Structure Determination
Since initial attempts to crystallize the hTAFII28 homodi- analogous to the aN helix of histone H3 (Arents et al.,
1991; Luger et al., 1997). In contrast, the proteolyticmer were not successful, probably due to the tendancy
of this protein to form aggregates in solution, we en- cleavage during crystallization has removed the putative
hTAFII18 L2 and a3 helix. In the crystal, the aN helix ofgaged a search for a soluble and monodisperse hetero-
dimeric complex. Among the known hTAFII28 partners, a symmetry related molecule occupies the position of
the missing a3 helix of hTAFII18 (data not shown). Inwe observed that the hTAFII28-hTAFII18 complex was
stable, soluble, and easier topurify and concentrate than this particular position, important for stable packing, aN
makes many hydrophobic and polar contacts with theeither of the two proteins individually. Crystallization
conditions could then be found, but SDS-PAGE analysis residues at the C terminus of the hTAFII18 a2 helix and
the N terminus of the hTAFII28 a2 helix. F113, the firstof redissolved crystals revealed that proteolysis had
occured in the crystallization drops, leading to the trun- residue of the aN helix, penetrates the hydrophobic a2-
a2 interface, which is accessible in the crystal due tocation of both hTAFII28 and hTAFII18. Amino-terminal
sequencing and mass spectrometry analysis by MALDI the absence of L2 and the a3 helix of hTAFII18 (data not
shown).showed that the crystals contain two species, hTAFII28
(113±201) and hTAFII18(14±75). The ordered part of hTAFII28 (residues 113±201) corre-
sponds to the C-terminal domain, highly conserved inThe crystals of the heterodimer obtained from proteo-
lysed native proteins were used in the subsequent crys- all the hTAFII28 homologs. The protein fold of this region
consists of four a helices and three loops arranged astallographic study. A 2.9 AÊ resolution experimental map
of very good quality allowed the tracing of the full poly- in histone H3. Positively charged residues are clustered
at the surfaces of the a1 and a3 helices (K131, K135,peptide chains (see Experimental Procedures). The re-
maining ambiguities found in some loops could be over- R136, R188, R192, R193, and K195). In contrast, the
N-terminal half of the a2 helix is mainly hydrophobic,come by comparison with the electron density map of
hTAFII28/hTAFII18 Heterodimer Structure
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Figure 1. Structure of the hTAFII28/hTAFII18
Complex and Details of the Intramolecular
and Intermolecular Interactions
(A) Ribbon representation of the crystal struc-
ture of the hTAFII28/hTAFII18 complex (col-
ored in blue and orange, respectively) and the
modeled L2 and a3 helix of hTAFII18 (colored
in gray). The locations of the a helices and
loops (L) are indicated. The residue numbers
are those of the full-length proteins.
(B±D) Details of interactions in the hTAFII28/
hTAFII18 heterodimer. The color code is as in
(A). Residues strictly conserved between the
TAFII28 or TAFII18 and SPT3 families are yel-
low. Dotted lines indicate selected hydrogen
bonds.
(B) Interactionsbetween the hTAFII28 aN helix
and the hTAFII18 L1 and a1 helix. Two intra-
molecular salt bridges (E116/R120 and E122/
R125) stabilizing the aN helix and the hy-
drophobic cluster formed by F129, V161,
M39, and V61 are also shown.
(C) Interactions between hTAFII28 L2 and
hTAFII18 L1. Three water-mediated hydrogen
bonds are formed that involve the main
chains of hTAFII28 and hTAFII18 and the side
chains of two conserved hTAFII18 residues
(D45 and S53).
(D) Modeled L2 and a3 helix of hTAFII18. The
salt bridge formed between the side chains
of R77 and D85 is analogous to the one found
in the H3/H4 pairs. E84, F88, and R91 of the
conserved FLIR sequence are solvent ex-
posed. Conserved L2 residues R80 and V81
form intermolecular interactions with resi-
dues of the hTAFII28 L1 and a2 helix.
and its C-terminal half is highly acidic (E164, E167, E168, hTAFII28 L2. These two loops interact via a strong hydro-
gen bond network involving the side chain of D45, aD171, and E174). The aN helix of hTAFII28 is linked to
the a1 helix by a 4-residue loop, anchored to the middle water molecule, and main chain oxygen and nitrogen
atoms from both loops (Figure 1C). Additionally, P181of the a2 helix. Two salt-bridges (E116/R120, E122/
R125) stabilize the first and third turns of this helix (Fig- of hTAFII28 is further stacked between the side chains
of Y50 and D46 of hTAFII18 (data not shown). Theseure 1B). The solvent-accessible part of the helix is com-
prised of two adjacent streaks of hydrophilic and hy- contacts are reminiscent of those observed between
the H4 L2 and the H3 L1.drophobic residues.
The hTAFII18 fragment (residues 31±75) resembles a The aN helix of hTAFII28 lies on the a1 helix and L1
of hTAFII18 and contributes substantially to the dimerhistone fold motif lacking the C-terminal a3 helix. A 10-
residue N-terminal a1 helix is linked to a 25-residue a2 stability through hydrogen bonding and hydrophobic
interactions (Figure 1B). In particular, the side chain ofhelix by an 8-residue L1. A unique charged residue,
K34, is exposed at the surface of the a1 helix, while the R120 of the aN helix makes a hydrogen bond with the
main chain oxygen atom of D45, further highlightinghydrophilic face of the a2 helix is mainly acidic (E52,
D55, E58, D59, E63, and E67). the important role played by this latter residue in the
heterodimer interaction.
Contacts between the hTAFII28 a1 helix and thehTAFII28 and hTAFII18 Interactions
Binary complex formation buries about 2,700 AÊ 2 of the hTAFII18 a2 helix, the hTAFII28 a2 helix and the hTAFII18
L1, the hTAFII28 L1 and the hTAFII18 a2, and a3 helicessolvent-accessible surface area and displays exten-
sive solvent-accessible surfaces for both hTAFII28 and further contribute to the stabilization of the complex.
For example, a hydrophobic cluster is comprised of twohTAFII18. Many intermolecular contacts occur, the ma-
jority of which are mediated by two segments in hTAFII18 conserved residues of hTAFII28 (F129 of LN and V162
of a2) and two conserved residues of hTAFII18 (M39 ofand three segments in hTAFII28. About half of these
predominantly hydrophobic intermolecular contacts in- a1 and V61 of a2) (Figure 1B).
volve the two a2 helices (L60-H70 of hTAFII18 and M154-
V166 of hTAFII28) with a remarkable hydrophobic stack-
ing between F64 and F161 at the crossover of the two Structural Comparison with Other Histone
Fold±Containing Proteinsa2 helices (Figure 2).
The antiparallel arrangement of the two histone fold To compare the structure of the TAFII28/TAFII18 hetero-
dimer with that of dTAFII42/dTAFII62, the missing L2 andmotifs places the hTAFII18 L1 in juxtaposition with the
Cell
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Figure 2. Electron Density Map
Stereo representation of the 2Fo-Fc map contoured at 1.2 s at the crossover of the a2 helices of hTAFII28 and hTAFII18. For clarity the
remainder of the polypeptide chains and their associated density have been removed. The stacking of the side chains of M68, F64, F161,
and V165 illustrates the hydrophobic character of the interaction. Carbon atoms are colored in gray; oxygen, nitrogen, and sulfur atoms are
colored in red, blue, and yellow, respectively.
a3 helix of hTAFII18 first had to be modeled (see Experi- shorter than in hTAFII28. The canonical histone fold is
postulated to arise from gene duplication, giving twomental Procedures). In this model, the major conserved
intramolecular and intermolecular interactions seen in helix-strand-helix segments, HSH1 and HSH2, which
correspond to the N- and C-terminal halves of the his-other histone pairs are preserved. For example, in the
H3-H4 pair, the side chains of an arginine of L2 and an tone fold, respectively. The comparison of HSH1 and
HSH2 from the human and Drosophila TAFIIs confirmsaspartate of the a3 helix form a buried intramolecular
hydrogen bond. In hTAFII28, a buried E178/H186 pair is the known greater similarity between the HSH2 seg-
ments (rmsd of 0.7 to 1.0 AÊ ) than between the HSH1also present, and the R77/D85 pair could be built be-
tween the modeled hTAFII18 L2 and a3 helix. These segments (rmsd ranging from 1.4 to 1.5 AÊ ).
In addition to the global similarity seen upon thepotential interactions are evolutionary conserved in the
hTAFII28/hTAFII18 pairs. superposition of the two TAFII heterodimer structures,
similarities in the molecular interactions can be noted.The superposition of the two TAFII heterodimers by
the best fit of the Ca of homologous residues is shown Hydrophobic residues involved in the a2±a2 helix inter-
actions are positionally conserved within the TAFII28 andin Figure 3. Globally, the two structures are very similar,
although three differences are observed. First, the a2 TAFII18 families as observed in histones (shaded in pink
in Figures 4A and 4B), with the exception of V165 andhelix of dTAFII42 is bent near its C terminus. In addition,
the hTAFII18 a2 helix is shorter than in dTAFII62 (25 resi- L60, which face each other butare too distant to interact.
One of the two highly conserved residues in core his-dues versus 28), and the dTAFII42 a3 helix is one turn
tones is an alanine located in the second turn of a3
helix, adjacent to the crossover of the a2 and a3 helices,
allowing the proximity of the two helices at this site
(Arents and Moudrianakis, 1995). Interestingly, in the
hTAFII28 structure, A190 is present and faces A169 in
a2 helix at the crossover of the two helices, which are
only distant by 4.8 AÊ . These residues are strictly con-
served in all TAFII28 proteins.
The Histone Folds of TAFII18 and TAFII28 Are
Atypical in Their Sequence Composition
The unexpected finding of a histone fold in TAFII28 and
TAFII18 led us to generate a 3D structure-based align-
ment of the hTAFII28 and hTAFII18 histone fold se-
quences and other histone fold±containing proteinsFigure 3. Superposition of the hTAFII28/hTAFII18 and dTAFII42/
(Figures 4A and 4B). Three gaps were incorporated todTAFII62 Heterodimers
take into account differences in the lengths of theThree-dimensional superposition of homologous parts in the
hTAFII28 L1 and a3 helix and the hTAFII18 a2 helix com-hTAFII28/hTAFII18 (green) and dTAFII42/dTAFII62 (purple) complexes.
The rmsd between the Ca's of both complexes is 1.7 AÊ . pared to other histone fold structures.
hTAFII28/hTAFII18 Heterodimer Structure
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Figure 4. Alignment of hTAFII28 and hTAFII18 with Other Histone Fold±Containing Proteins
(A±B) Structure based alignment of histone fold regions. Amino acid identities are marked by vertical lines and similarities with colons. Gaps
in the alignment are represented by dashes. The a helices (aN, a1, a2, and a3) and loops (LN, L1, and L2) have been labeled with their
respective lengths indicated in brackets. S and P indicate residues involved in intramolecular and intermolecular interactions, respectively.
Solvent-accessible amino acids in the heterodimer are denoted by z. a2±a2 interactions are shaded pink, whereas hydrogen bonds between
L1 and L2 are shaded blue. The buried R/D pair or the equivalent E/H pair are shaded yellow. Residues of H3 or H4 that interact with DNA
are colored in blue bold, whereas residues involved in the H3/H3 or H4/H2B four-helix bundles are displayed in black bold. (A) Alignment of
hTAFII18 with the H4 family and (B) alignment of hTAFII28 with the H3, H4, and H2A, H2B families.
(C) Multiple alignment of the TAFII18, TAFII28, and SPT3 families. The upper and lower panels show the alignments of TAFII18 or TAFII28 with
the N- or C-terminal regions of SPT3, respectively. Five conserved sequence blocks (I±V) are indicated. The numbered residues are those of
hTAFII18 or hTAFII28 (bottom) and ySPT3 (top). The a helices of the hTAFII28 and hTAFII18 histone folds are shown below the sequences.
Residues invariant in almost all of the sequences are indicated in red with blue shading, and positions of conservative changes are in black
with blue shading. The following rules were applied for assignment of conserved residues. (P, G; A, S, T), (F, Y, W; I, L, M, V), (D, E; Q, N),
(R, K, H), (C). Amino acids that are conserved in the SPT3 family but of a radicaly different physiochemical nature in the homologous position
in TAFII18 or TAFII28 are shown in white with red shading. Gaps are indicated by dashes. The number of amino acids in the linker region
between the N- and C-terminal domains of the SPT3s are indicated at the end of the upper panel, and the sizes of the insertions in the
C-terminal L2 of SPT3 and yTAFII40 are shown in the lower panel. The prefixes are y, yeast (S. cerevisiae); h, human; p, Schizosaccharomyces
pombe; k, Kluyveromyces lactis; d, Drosophila. cSPT3 is Clavispora opuntiae; cTAFII18 and cTAFII28 are C. elegans. Accession numbers of
the aligned sequences are available upon request.
The sequence identity and similarity between TAFII28 are structurally assigned to the H4 family (Figure 4A
and Table 2). Despite this similarity with the H4 family,and TAFII18 and the other histones are low but are com-
parable to those found between other histone se- database searches with the histone fold region of
TAFII18 failed to detect other histone sequences. Mostquences. For TAFII18, the best homology is found with
histone H4 itself and with hTAFII80 and dTAFII62, which of the sequence similarities noted between TAFII18 and
Cell
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Table 2. Percentage of Identity and Homology
hH3 dTAFII42 hTAFII31 hH4 dTAFII62 hTAFII80 hH2A hH2B hNC2b
hTAFII28 13(35)a 11(37) 10(39) 21(48) 13(49) 11(41) 18(45) 14(37) 21(47)
hTAFII18 13(36) 12(36) 9(38) 12(43) 10(35) 19(43) 13(36) 9(34) 10(36)
a The percentage of homology is indicated between parentheses.
the H4 family are, however, clustered in the a2 and a3 in yTAFII40. This alignment indicates the presence of a
large insertion domain in yTAFII40 L2 (Figure 4C). Mosthelices, the a1 helix being poorly conserved. Conse-
quently, a modified PSI-BLAST database search (Exper- interestingly, however, using profiles derived from the
true TAFII28 homologs (Experimental Procedures), fourimental Procedures) with only residues 51±93 did detect
the homology with hTAFII80. Therefore, TAFII18 can be fungal SPT3 proteins were also detected, revealing a
novel homology between TAFII28 and the C-terminal re-assigned as a member of the H4 family.
The homology of TAFII18 with H4 suggests that TAFII28 gionof SPT3 in addition to the knownhomology between
hTAFII18 and the N terminus of SPT3 (Mengus et al.,should be an H3-like protein. Nevertheless, for the
hTAFII28 a1 helix, the best homology is found with his- 1995).
Five blocks (I±V) of conserved sequences could betone H4, and for the a2 and a3 helices comparable
homology to both the H3 and H4 families is seen (Figure defined, blocks I±II conserved between TAFII18 and the
N-terminal domain of SPT3, and blocks III±V conserved4B and Table 2). Furthermore, the homology between
TAFII28 and the transcriptional repressor NC2b/DR1, between TAFII28 and the C-terminal domain of SPT3.
These are the sequences that form the histone foldwhich has been assigned to the H2B subfamily (Goppelt
et al., 1996; Mermelstein et al., 1996), is as high as with structures in TAFII18 and TAFII28.
Block I encompasses E35-M68 of hTAFII18 (E10-I43H4. PSI-BLAST database searches with TAFII28 failed
to detect other histone proteins. We noticed, however, of ySPT3), corresponding to the a1 helix, L1, and N-ter-
minal portion of the a2 helix. Of the well-conserved resi-that database searches using the highly divergent his-
tone-like protein HJA1 from Methanococcus jannaschii dues, 11/15 are involved in intermolecular contacts in
the hTAFII28/18 complex. In contrast, the remarkable(accession number Q57632) did detect hTAFII28 and
yTAFII19. Therefore, hTAFII28 is an atypical molecule that hydrophobic stacking between phenylalanines at the
crossover of the hTAFII28/hTAFII18 a2 helices is not con-cannot be unambiguously assigned to the existing his-
tone families. served in SPT3, where they are replaced by a glutamine
and isoleucine, respectively.Although at the sequence level hTAFII28 is atypical,
its heterodimer with hTAFII18 is remarkably similar to Block II encompasses R80-R99 of hTAFII18 (R57-R77
of ySPT3), corresponding to theC-terminal portion of thethat of the dTAFII42/dTAFII62 H3/H4-like pair, which
forms heterotetramers. Tetramers are not found in the modeled hTAFII18 L2 and a3 helix. Conserved hTAFII18
residues R80 and V81 (R57 and I59 in ySPT3) are in-hTAFII28/hTAFII18 crystal packing, suggesting that if
such interactions take place they must beweak. Further- volved in intermolecular contacts with residues of L1
and a2 helix of hTAFII28. Furthermore, R77, E84, andmore, gel filtration shows that the native complex does
not form heterotetramers in solution (see Experimental D85, which form buried intramolecular hydrogen bonds,
are highly conserved between TAFII18 and SPT3. TheProcedures and data not shown). This is consistent with
the fact that the a2 and a3 helix residues involved in sequence FLIR(K/H)D is remarkably well conserved in
both the TAFII18 and SPT3 families. The region followingtetramer formation in histones are not conserved in
hTAFII28 and hTAFII18 (black bold residues in Figures the a3 helix, but which is not part of the histone fold,
also shows high sequence conservation. Interestingly,4A and 4B). Some of the corresponding residues are
nevertheless conserved in the hTAFII28 and hTAFII18 one of the conserved lysine residues in this region (K96
in hTAFII28; K74 in SPT3) has been implicated in SPT3±homologs and could be involved in specific interactions
with other TAFIIs, but they obviously cannot form the TBP interactions in yeast (Eisenmann et al., 1992).
Block III includes S114-L137 of hTAFII28 (T189-F212 ofinteractions observed in the canonical histone octamer.
ySPT3), corresponding to the hTAFII28 aN-LN-a1 region.
E116, Q117, Y121, and R125 of the hTAFII28 aN helix,The Histone Fold Motifs of TAFII18 and TAFII28
Are Evolutionary Conserved and Are Also which are involved in intramolecular interactions, are
well conserved between TAFII28 and SPT3. Similarly,Present in the SPT3 TAFII Family
In parallel with our structural study, we revised the ex- two (E116 and R120) of the three TAFII28 residues in-
volved in intermolecular contacts with hTAFII18 are con-isting alignments of the hTAFII28 and hTAFII18 gene fami-
lies. Database searches revealed the existence of at served in SPT3 (E191 and H195). The M123/C38 inter-
acting pair in hTAFII28/hTAFII18 is replaced by a D198/least seven true TAFII28 homologs and four TAFII18 ho-
mologs in organisms ranging from yeast, Caenorhab- Q13 pair, thus conserving the potential for hydrogen
bonding. In LN, F129, which interacts with three hy-ditis elegans, and Drosophila to man (Figure 4C). Unex-
pectedly, three TAFII28 homologs are found in C. elegans drophobic residues, is strictly conserved in SPT3. K135
and R136 involved in the stabilization of the a1 helix(data not shown). Taking the known hTAFII28 structure
into account, the revised alignment shows that, in con- and L1 are also highly conserved in SPT3 (K210 and
R211 in ySPT3).trast to previous reports (Moqtaderi et al., 1996b; Kleba-
now et al., 1997), the C-terminal a3 helix is conserved Block IV (S145-V172) corresponds to the hTAFII28 a2
hTAFII28/hTAFII18 Heterodimer Structure
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Discussion
hTAFII28 and hTAFII18 Define a Novel Family
of Histone Fold±Containing Proteins
In this report, we show that TAFII28 and TAFII18 interact
via a canonical histone fold. These TAFIIs exemplify a
novel family of histone fold±containing molecules, which
also includes SPT3.
The crystal structure of the hTAFII28/hTAFII18 hetero-
dimer demonstrates the existence of two additional
histone fold±containing proteins within TFIID. Unlike
dTAFII42, dTAFII62, and dTAFII28, whose histone folds
were predicted by classical alignment programs, the
histone folds of TAFII28 and TAFII18 cannot be detected
in this way. The atypical histone fold motif of hTAFII28
could only be detected using the divergent sequenceFigure 5. Model of ySPT3
of an archeal histone-like protein. Manual alignment ofThe sequence alignment of hTAFII18 and hTAFII28 with SPT3 were
used to model the ySPT3 structure. The putative a helices are repre- the histone sequences based on the known 3D struc-
sented by red cylinders, and the first residue of each helix is indi- tures did however reveal that, with the exception of its
cated. The linker domain between the two histone fold motifs and a1 helix, hTAFII18 is clearly related to H4 and the H4-the insertion in the C-terminal L2 are represented by the gray ellip-
like proteins dTAFII62 and hTAFII80. hTAFII28 cannot beses, with the size of the insertion indicated within the ellipse.
unambiguously assigned to a histone class, as it shows
comparable homology to H4 family and the H2B-like
protein NC2b/DR1.
helix (ySPT3 and G224-I252). All the conserved residues The TAFII28/TAFII18 complex is structurally very simi-
are involved in intramolecular or intermolecular interac- lar to the H3/H4-like dTAFII42/dTAFII62 complex. Thus,
tions with theexception of G156 and E167 (ySPT3, G235, although TAFII28 cannot be assigned as a H3-like protein
and E247), which are solvent exposed. It is noteworthy on the basis of its sequence, it is structurally analogous
that A169 and A190 (block V) located at the a2-a3 cross- to it. The existence of the aN helix further reinforces the
over are strictly conserved in SPT3 (ySPT3 A251, A308), similarity between TAFII28 and H3. However, the H3 aN
suggesting that an equivalent crossover takes place in helix lies on L1 and the N terminus of the H4 a2 helix,
SPT3. The hydrophobic cluster formed by I138, V145, while the hTAFII28 aN helix is shifted toward the C termi-
and V150 is replaced by a charged cluster in SPT3 (K213, nus of the hTAFII18 a1 helix. This difference is likely due
K225, and D229). Three residues involved in intramolec- to the shortening of LN, although an influence of the
ular interactions showcovariance: T142, S158,and K159 crystal packing cannot be excluded. The absence of
in hTAFII28 compared with L221, L237, and T238 in heterotetramers further reinforces the atypical nature of
ySPT3. the hTAFII28/hTAFII18 complex.
Block V encompasses P181-L194, corresponding to Several lines of evidence suggest the existence of an
the C-terminal part of L2 and the a3 helix (ySPT3 and H4-like L2 and a3 helix in hTAFII18. Secondary structure
P299-L312). P181 and L182 of L2 that interact with prediction analysis (Geourjon and Deleage, 1995) indi-
hTAFII18 L1 are strictly conserved in SPT3, as are two cates the presence of a loop-helix motif immediately
other residues involved in intermolecular contacts. H186 after the a2 helix, with strong sequence homology to
is conserved in SPT3 (H304), suggesting that a buried the a3 helices of hH4, dTAFII62, and hTAFII80. Further-
salt bridge with L2 can be made. E294 is a likely partner, more, an intramolecular buried salt bridge that is present
as it follows P293 in the L2 of SPT3. in most of the H3/H4 histones could be built between
It is interesting to note the presence of residues residues R77 and D85 in hTAFII18. These residues are
(boxed in red in Figure 4C) that are conserved in the highly conserved in both TAFII18 and SPT3 families. In
SPT3 family but that are radically different in their physi- histone H4, residues equivalent to the highly conserved
cochemical nature to those found in equivalent positions FLIR(H/K) sequence in the hTAFII18 a3 helix are involved
in TAFII18 or TAFII28. These residues, which are mainly in H4±H2B interactions. In our model, residues F88, R91,
clustered in the C-terminal aN, a1, and a2 helices of and K92 are exposed to the solvent, suggesting that
SPT3, are on the exposed surface of the molecule and they may also be involved inprotein±protein interactions
are therefore likely to be involved in interactions specific with an as yet unidentified partner.
to each family (e.g., interaction with other TAFIIs or with
components of the SAGA complex [Roberts and Win-
ston, 1997]). Biological Implications of the Sequence and
In summary, the remarkable evolutionary conserva- Structural Homology between hTAFII28,
tion of many of the amino acids involved in intermolecu- hTAFII18, and the SPT3 Proteins
lar and intramolecular interactions critical to the forma- The sequence conservation in the TAFII28 and TAFII18
tion of the histone fold suggests that not only is this homologs strongly suggests that they also adopt the
fold maintained in the TAFII18 and TAFII28 homologs, histone foldstructure. One interesting caveat isyTAFII40,
but that the SPT3 family of proteins are also likely to where there is a 108-residue insertion in L2. Insertions
of this type, likely to constitute additional domains, haveadopt a histone fold structure as proposed in Figure 5.
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not been previously noted within the histone fold motif Our results provide novel insights into how hTAFII28
itself. As a consequence, the existence of additional and hTAFII18 may interact with other TAFIIs. hTAFII28
histone fold proteins containing such insertions may interacts with hTAFII135, hTAFII100, hTAFII55, TBP, and
have been missed using classical sequence alignments. the viral activator Tax (Mengus et al., 1995, Dubrovskaya
SPT3 contains two complementary histone fold mo- et al., 1996; Lavigne et al., 1996; Caron et al., 1997; our
tifs. In addition, there is a 36-residue insertion in the unpublished data). A large surface area comprising the
C-terminal L2 of ySPT3, corresponding to a potential exposed residues of the aN, a1, and a3 helices and
extra domain at a position analogous to that seen in the corresponding LN, L1, and L2 may be involved in
yTAFII40. Most important, however, the presence of two mediating these interactions. hTAFII55 interacts with
histone fold motifs in the same SPT3 polypeptide and hTAFII28 (1±179) but not with (1±150), suggesting that
the presence of a 120-residue linker domain between it interacts with residues in the a2 helix or in L1. A
them clearly permits formation of the histone pair requirement for the highly conserved a3 helix in hTAFII28
through intramolecular rather than the classical intermo- interactions has not as yet been reported, although one
lecular interactions. Recently, an archeal protein was cannot exclude that it may be involved in interactions
also shown to contain two histone fold motifs, but with with hTAFII135 and hTAFII100, as the domains required
only an 11-residue linker between the two motifs (Sle- for interaction with these TAFIIs remain tobe determined.
sarev et al., 1998). It is also formally possible that SPT3 For hTAFII18, interaction with hTAFII30 necessitates only
forms dimers reconstituting two adjacent histone folds L1, a2 helix, and L2 (residues 39±84, Mengus et al., 1995),
or that it interacts with other proteins in the SAGA com- suggesting that hTAFII30 may interact with hTAFII18 via
plex via these histone fold motifs. Further molecular and the hydrophilic face of its a2 helix.
biochemical studies on SPT3 will help to answer many As the hTAFII28/hTAFII18 histone fold could not be
of these questions. detected in classical sequence alignments, it is possible
In yeast, SPT3 is known to interact physically and that other TAFIIs may also interact via as yet undetected
functionally with TBP (Eisenmann et al., 1992). The histone folds and that this may be a commonly used motif
G174E mutation in a helix H19 of TBP is suppressed by for TAF±TAF interactions. This consideration raises the
mutation E240K in SPT3, and the E240K mutation is interesting possibility that alternate TAF±TAF interactions
suppressed by several mutations in TBP, the majority may occur via histone folds. For example, interaction
of which map to a helix H19. E240 is located in the with hTAFII55 requires the hTAFII28 a2 helix, suggesting
C-terminal a2 helix, suggesting that this helix and a helix that this interaction may also involve reconstitution of
H19 of TBP mediate the putative interactions between a histone pair. We have previously shown that TAFII28
these proteins. Interestingly, we have previously shown is absent from Cos cell TFIID (May et al., 1996). Further-
that mutation of exposed glutamic acid residues on the more, TAFII18 is not present in the TFIIDa subcomplex
hTAFII28 a2 helix also impairs interaction with TBP (May lacking hTAFII30 (Jacq et al., 1994; Mengus et al., 1995).
et al., 1996). Consequently, in both situations, TAFII18 and TAFII28
The homology between their a2 helices strongly im- may interact with another TAFII to reconstitute an alter-
plies that, like SPT3, hTAFII28 would also interact with native histone fold pair. The histone fold motif is an
TBP via a helix H19. Further mutation of hTAFII28 and appealing general mode for mediating the various TAF±
TBP residues has shown that this is indeed the case TAF interactions, the observed degeneracy allowing
(unpublished data). Moreover, mutation K74N in the binding to different partners. Further experiments will
N-terminal region of ySPT3 is also a mild suppressor of be required to determine whether other TAFIIs contain
the G174E mutation in TBP (Eisenmann et al., 1992). histone fold motifs and how these motifs may mediate
K74 is highly conserved in both the SPT3 and hTAFII18 different TAF±TAF interactions.
proteins, further highlighting similarities in the way in Finally, although our finding of a novel histone pair
which SPT3 and the hTAFII28/hTAFII18 heterodimer in- in the TFIID complex does not rule out the possible
teract with TBP. Despite these similarities, the a2helices existence of a histone-like octamer around which the
of SPT3 and hTAFII28 can only be properly aligned with other TAFIIs assemble, it does indicate that this simple
an insertion at E240 in the middle of the a2 helix. A kink model is insufficient to account for all the interactions
at this position in the a2 helix of SPT3 would accomo- among histone fold±containing proteins in TFIID. The
date this insertion while preserving the structural homol- presence of multiple histone pairs within the TFIID and
ogy at the N and C termini of this helix.
SAGA complexes may simply reflect the fact that this
interaction motif faciliates compact and tight protein±
The Histone Fold Structure of hTAFII28 and hTAFII18 protein interactions necessary for the formation of such
Suggests Novel Models for the Organization
stable complexes.
of TAFIIs within the TFIID Complex
The regions of hTAFII28 and hTAFII18 visible in this crys- Experimental Procedures
tal structure are fully consistent with biochemical data
describing their interactions. The hTAFII28 deletion mu- Protein Purification
The coding sequence of hTAFII28 residues 1±211 and hTAFII18 resi-tant (109±211) interacts with hTAFII18, demonstrating
dues 1±124 were amplified by PCR and subcloned into the pET15bthat the histone fold region of hTAFII28 mediates interac-
vector (Novagen). The hTAFII28 and hTAFII18 proteins were overex-tion with hTAFII18 insolution. Furthermore, deletionanal- pressed separately in Escherichia coli BL21(DE3) using the T7 RNA
ysis shows that hTAFII18 residues 1±39 are essential for polymerase system. Cells were grown at 378C to an absorbance of
interaction with hTAFII28 (Mengus et al., 1995), high- 0.8 at 600 nm and induced at 258C with 0.5 mM isopropyl-b-D-
lighting the critical role played by the aN±a1 interactions thiogalactopyranoside for 4 hr before collection by low-speed cen-
trifugation. The bacterial pellets of hTAFII28 and hTAFII18 were thendescribed here in the stabilization of the complex.
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mixed and lysed together by sonication to increase the yield of the Modeling of Residues 76±92 of hTAFII18
It has already been pointed out that the C-terminal half of the histonecomplex. The soluble fraction, recovered by high-speed centrifuga-
tion, was applied to a Ni21-ion affinity column, and the heterodimeric fold is more conserved in terms of rmsd than the N-terminal half
(Arents and Moudrianakis, 1995; Xie et al., 1996). Consequently,complex was eluted with an imidazole gradient. After concentration
with Centriprep 30 (Amicon), the fractions were loaded on a Super- after superimposing both a2 helices from dTAFII62 and hTAFII18,
the a3 helix from dTAFII62 was transformed into the putative a3dex 200 16/60 (Pharmacia) gel filtration column. Compared to that of
molecular mass standards, the elution profile of the TAFII28/TAFII18 helix from hTAFII18 by mutating the nonconserved residues. The
connecting loop, being three residues shorter in hTAFII18, was splitcomplex from this column unambiguously revealed the heterodi-
meric nature of the complex (data not shown). The engineered (His)6 in two overlapping segments (GRQG and GRVQ), and the PBD was
searched for fragments with identical sequence. One of the GRVQaffinity tag was cleaved by thrombin digestion, and thrombin was
inhibited by addition of 5 mM Pefabloc (Boehringer Mannheim) and fragments showed a good complementarity with L1 of hTAFII28 and
was similar to the C-terminal part of dTAFII62 L2. The GRQG segment5 mM EDTA. A final cation-exchange chromatography step was
used to remove thrombin and any remaining contaminants. was modeled using the Lego-Loop module of O in order to find a
conformation where the arginine side chain could hydrogen bond
the side chain of the highly conserved aspartate at the start of a3Crystallization
helix. This interaction is observed in almost all histone folds (Xie etThe hTAFII28/hTAFII18 complex was prepared to a final concentra-
al., 1996; Luger et al., 1997). The model was refined using X-PLORtion of 8±15 mg/ml in 100 mM NaCl, 10 mM Tris-HCl (pH 7.9). Diffrac-
(BruÈ nger, 1992).tion-quality crystals were obtained at 48C using the hanging-drop
vapor diffusion method. The protein complex was mixed with an
Sequence Analysisequal volume of the reservoir solution containing 10% PEG4000,
General database searches were performed with the PSI-BLAST100 mM ammonium sulfate, 100 mM HEPES (pH 7.5). Crystals with
program with default values or for specialized searches with a gapdimensions up to 0.2 mm 3 0.1 mm 3 0.05 mm grew in the course
opening penalty of 9 and expect values of 1000 (Altschul et al.,of 2 months. The protein content of the crystals was characterized
1997). The novel alignment between TAFII28 and SPT3 was madeby N-terminal sequencing and mass spectrometry. Crystals belong
by using ªprofilesº (ªfuzzyº probes, Gribskov and Veretnik, 1996),to space group P212121 with a 5 45.4 AÊ , b 5 48.4 AÊ , c 5 77.6 AÊ and
based on a single block or on a concatenation of blocks III±V incontain one complex molecule per asymmetric unit. The solvent
TAFII28, for database searching. The SPT3 TAFII family was detectedcontent is 54%. Mercury derivatives were prepared by soaking na-
at a score level of approximatively 2 SDs above the mean. Classicaltive crystals for 1±5 hr in solutions containing 0.5±2.5 mM PCMBS.
multiple alignment programs (Clustal X and Pileup) (Devereux et al.,Crystals were transiently cryoprotected in mother liquor containing
1984; Thompson et al., 1997) were then used to generate a sequence25% (v/v)ethylene glycol andflash frozen in liquid ethane. Diffraction
alignment of the TAFII18, TAFII28, and SPT3 families shown inmeasurements were carried out at 21808C on beamline D2AM at
Figure 4C.ESRF (Grenoble). Preliminary data sets were collected at LURE (Or-
say) and DESY/EMBL (Hamburg).
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